Introduction
Changes in relative sea level (RSL) are caused by a combination of global (glacio-eustatic) sea-level changes and regional land movement. Relative land-level movements in NW Europe are a legacy of its glacial history and the rebound of Fennoscandia. Geological observations of postglacial relative land-and sea-level change in this region constrain models of glacial isostatic adjustment (GIA) (e.g. Lambeck et al., 1998) , which in turn are used to understand Earth structure and viscosity parameters of lithosphere and mantle (Vink et al., 2007) . GIA models also provide data on vertical coastal land movements for input into future relative sea-level change scenarios (Lowe et al., 2009; Simpson et al., 2017) .
Regional Holocene RSL reconstructions provide information on neotectonic activity, palaeogeography and morphological evolution of coastal areas, past tidal ranges, palaeoecology and human settlement history (Beets and Van der Spek, 2000; Kiden et al., 2002; Van de Plassche et al., 2005; Vink et al., 2007; V€ ott, 2007; Baeteman et al., 2011) . In the early Holocene, global sea levels rose rapidly due to the melting of ice caps after the Weichselian glacial period (Fairbanks, 1989; Bard et al., 1996; Smith et al., 2011) , with rates in the southern North Sea of more than a metre per century until about 7500 cal a BP (Hijma and Cohen, 2010) . The RSL of the southern North Sea continued to rise at a decreasing rate mainly due to isostatic and, to a lesser degree, tectonic subsidence (Kiden et al., 2002; Vink et al., 2007) . Since around 3000 cal a BP, the contributions of isostasy and tectonic subsidence to the rise in RSL have been more or less equal for the western Netherlands (Kiden et al., 2008) . However, RSL changes in the North Sea area are spatially and temporally variable due to tectonic movements and, in particular, glacio-isostasy (Kiden et al., 2002; Shennan and Horton, 2002; Vink et al., 2007; Shennan et al., 2012) . In light of projected sea-level rise due to global warming, there is a need to understand these regional patterns of differential land movements because they are an important contributor to future RSL rise (Gehrels, 2010; Shennan et al., 2012) . In the Netherlands, however, vertical land movements have not been considered in some recently published future sea-level projections (Katsman et al., 2011; De Vries et al., 2014; KNMI, 2014) . GIA models can make an important contribution to estimates of the land-level component of future RSL projections in the Netherlands, as they have done in the UK (Lowe et al., 2009) and around the world (Kopp et al., 2014) .
Holocene RSL curves have been constructed with great precision for most coastal areas in the Netherlands and adjacent regions (Figs 1 and 2) . The reconstructions are indicative for the local mean sea level and therefore they are referred to as 'relative mean sea-level' (relative MSL; Kiden et al., 2002; Berendsen et al., 2007; Hijma and Cohen, 2010) . For the western Netherlands, a long history of relative MSL reconstruction includes the curves by Jelgersma (1961) and Van de Plassche (1981 , 1982 , with recent adjustments and extensions in time provided by Berendsen et al. (2007) , Hijma and Cohen (2010) and Van de Plassche et al. (2010) among others. Further inland, Van de Plassche et al. (2005) provided a relative MSL curve for the Flevo area of the central Netherlands. For the south-western Netherlands and Belgium, relative MSL reconstructions were made by Kiden (1995) and Denys and Baeteman (1995) . For the German Wadden Sea region, several curves are available (e.g. Ludwig et al., 1981; Streif, 1989 Streif, , 2004 . The most recent curve for this region was created by Behre (2007) , although its interpretation is highly debated (e.g. Weerts, 2010, 2012; Baeteman et al., 2011 Baeteman et al., , 2012 Behre, 2012a,b) .
Despite the research in past decades on the coastal development of the northern Netherlands (e.g. Jelgersma, 1961; Roeleveld, 1974; Griede, 1978) , no sea-level curve exists for the Dutch Wadden Sea covering the Holocene period. Van de Plassche (1982) suggested, on the basis of only two reliable sea-level index points (SLIPs) from Jelgersma (1961) , that the relative MSL curve of the Wadden Sea region is similar to the western Netherlands curve. However, based on GIA models of Lambeck et al. (1998) , Kiden et al. (2002) suggested that, as the Wadden Sea area is situated closer to the last glacial Scandinavian ice sheet, the collapse of the forebulge drives larger subsidence in this area than in regions further south. The influence of the British ice sheet is minimal here due to its relatively small volume (Kiden et al., 2002) . Kiden et al. (2002) and Vink et al. (2007) inferred that the central part of the peripheral bulge, subject to the greatest degree of Holocene isostatic subsidence, is probably located under the German Bight and the Dutch sector of the North Sea, a pattern that is also predicted by the GIA model of Lambeck et al. (1998) . This suggest that post-glacial subsidence rates are higher in the northern Netherlands, resulting in a lower and steeper relative MSL curve than in the western Netherlands.
Although the Dutch Wadden Sea is part of a UNESCO World Heritage Site, it is currently affected by humaninduced subsidence due to natural gas extraction, which increases subsidence above its background, natural rate. New RSL data help to constrain the history of the forebulge collapse during the Late Pleistocene/Holocene and is also useful for determining the role of the associated RSL rise in the development of the Wadden Sea area and the bordering mainland (Speelman et al., 2009) . Holocene RSL data in combination with GIA model simulations and palaeogeographical reconstructions can inform and optimize future management of the Wadden Sea.
The objective of this paper is three-fold. Firstly, we aim to increase the number of sea-level index points for the Dutch Wadden Sea region based on a new compilation and evaluation of archived published and unpublished radiocarbon age determinations of coastal basal peat samples. Secondly, using this data set, we reconstruct a Holocene relative MSL curve for the Dutch Wadden Sea region and discuss the reliability of the data for this purpose. Thirdly, we compare the relative MSL curve with curves from adjacent regions in the southern North Sea to test the hypothesis that the curve is comparable to the western Netherlands curve, implying negligible differential land movements between the two areas.
Methodology

Use of basal peat for relative MSL reconstructions
In the coastal zone of the Netherlands basal peat deposits present at the base of the Holocene have been used in a substantial number of early Holocene sea-level reconstructions (e.g. Bennema, 1954; Jelgersma, 1961) . Holocene relative MSL reconstructions in the Netherlands and many other coastal lowlands in the North Sea region have been traditionally based on 14 C dating of samples from the base of peat beds (the so-called 'basal peat') lying directly on top of the sandy Pleistocene subsurface (Bennema, 1954; Van Straaten, 1954; Jelgersma, 1961; Van de Plassche, 1982; Denys and Baeteman, 1995; Kiden, 1995; Streif, 2004; Shennan et al., 2006; Vos, 2015) . These basal peat dates are particularly suitable to assess relative MSL rise, as the compaction of the underlying Pleistocene deposits can be considered negligible on the time-scale of the Holocene.
Basal peat formation
Basal peats were formed during the late Pleistocene and Holocene when local groundwater levels rose in response to the rising sea level that gradually submerged the sloping Pleistocene surface. Upwards groundwater seepage due to the reduced natural drainage of the area made the Pleistocene surface increasingly wet and created favourable conditions for peat formation. The basal peat therefore developed indirectly under the influence of RSL rise. As the sea level rose, the zone of basal peat growth gradually moved landwards and into higher areas, while the lower-lying peat was covered by coastal deposits (Kiden et al., 2008; Vos, 2015) .
In this way, a relatively thin but extensive layer of basal peat developed on top of the sloping Pleistocene surface. The formation of basal peat was much reduced, if not halted, when the sea-level rise slowed down during the Holocene, and freshwater fenlands were replaced by salt marshes and tidal flats (Streif, 2004) . In some areas, the peat was eroded by wave action and tidal channel erosion, but in other places the peats were covered by marine deposits (Vos, 2015) .
Indicative meaning of data points
One of the basic assumptions underpinning relative MSL studies is that, in the temperate humid climate of the Netherlands in the Holocene, freshwater peat growth in the coastal plain takes place at or above, but never lower than MSL at that location (Bennema, 1954; Jelgersma, 1961 ; Van de Plassche, 1982; Roep and Beets, 1988; Van de Plassche and Roep, 1989; Kiden, 1995; Kiden et al., 2002; Hijma and Cohen, 2010) . It is generally accepted that basal peat starts forming at local MSL or, when there is tidal influence, at mean high water level (MHW) (Van de Plassche, 1982; Kiden et al., 2002 Kiden et al., , 2008 . The altitude of basal peat growth relative to MSL is also a function of the local mean tidal range and river influences (Van de Plassche, 1980 , 1982 Vink et al., 2007; Baeteman et al., 2011) . In a tidal basin, tidal amplitude may be attenuated due to the accommodation of the flood volume in the intertidal area of the basin and due to frictional loss of mechanical energy. This flood basin effect reduces the local MHW level relative to coastal MHW ( Van de Plassche, 1982) . In contrast, MHW level may be raised in a landward direction away from the coast due to tidal amplification in tidal basins or estuaries and due to river and groundwater table gradients (Van de Plassche, 1982; Kiden, 1995; Baeteman et al., 2011) . In a tidally influenced area, the position of the basal peat can therefore strictly speaking only be used to reconstruct the upper limiting relative MSL curve (Vink et al., 2007) . In local depressions, at sites with impermeable soil layers and in (nearly) flat areas further away from direct marine influence, peat formation can also be driven by local groundwater conditions, completely independent of sea-level rise (Van de Plassche, 1981; Kiden, 1995; Shennan and Horton, 2002) . In these situations, the sea-level index points are 'limiting', meaning that they were formed above MSL, by an unknown vertical distance, but they can never be lower than local MSL. In areas close to the sea where the Pleistocene surface is steep, the zone of coastal peat formation is relatively narrow and basal peat growth is mainly controlled by the sea level. As a consequence, dated freshwater basal peat samples are groundwater-level index points that can be used to define an upper limit for relative MSL rise (Van de Plassche and Roep, 1989; Shennan and Horton, 2002; Hijma et al., 2015) . In other words, actual relative MSL should be at or below the lowest basal peat index points but, when carefully selected from a sloping substrate, and when a large number of such data points are available, such as in the western Netherlands (Hijma and Cohen, 2010) or the Mississippi Delta (T€ ornqvist et al., 2004) , it is possible to define a true relative MSL curve from the lowest basal peat data (Van de Plassche, 1982; Hijma and Cohen, 2010) .
When using basal peats for relative MSL reconstructions it is therefore important to distinguish between sites where peat was formed as a response to local groundwater conditions and sites where a rising sea level was the trigger ( Van de Plassche, 1982; Cohen, 2005) . Detailed information on the Pleistocene subsurface topography is essential. In addition, in some coastal peats, macro remains evident of marine influence can be used as SLIPs, but these indicators are rare in basal peats in the Netherlands. Careful screening of the individual data points is therefore needed to obtain insight into the difference in groundwater or relative MSL rise from site to site. We use the term 'index point' here for samples from sites that we infer to be controlled by sea-level rise.
Peat sample treatment and radiocarbon dating
To collect new sea-level data for this study, we searched the archives of the Groningen Centre for Isotope Research (CIO) for previously unpublished peat age determinations. Most of the peat samples were by-products of mapping surveys and were not collected for sea-level reconstructions. All peat samples were dated and archived at the CIO between around 1958 and 2013. Samples underwent pre-treatment, consisting of a physical and a chemical component. Sand, clay and roots that penetrated the peat were removed. A standard acid-alkali-acid (AAA) pre-treatment with HCl, NaOH and again HCl (Mook and Streurman, 1983; Mook and Van de Plassche, 1986 ) was used to isolate the stable chemical fraction for dating, and remove contaminants, including allochthonous fossil organic matter, organic (humic) infiltration and secondary carbonate.
After pre-treatment the samples were combusted to CO 2 . Most samples shown in Table 1 were measured by the conventional method (laboratory code GrN), requiring relatively large (bulk peat) samples. The 14 C radioactivity was measured in the CO 2 gas by proportional gas counting (e.g. Cook and Van der Plicht, 2013) . More recently, smaller samples were measured by accelerator mass spectrometry (AMS) (Van der Plicht et al., 2000; laboratory code GrA in Table 1 ).
For both methods the measured 14 C contents are translated into 14 C ages. These are conventional dates, reported in BP (Before Present; Present ¼ ad 1950), based on the original half-life value of 5568 years and includes correction for isotopic fractionation using the stable isotope 13 C to d 13 C ¼ À25‰ (Mook and Streurman, 1983) . We note that stable isotope measurements and the fractionation correction were introduced around 1960 (Kiden, 1995; Mook, 2005) . Samples dated before 1960 were not corrected and d 13 C values for these samples are not available. Since peat has d 13 C values of À27 to À28 ‰ and each per mil change in d 13 C corresponds to a correction of 16 14 C years (Mook, 2005) , these samples were corrected by making the 14 C age 45 years younger. This is the case for the samples in Table 1 with numbers GrN-2424 and lower. These were originally GrO dates; to avoid confusion, they were reassigned as GrN dates after applying the mentioned estimated fractionation correction (for details see Vogel and Waterbolk, 1963) . We also note that the fractionation correction for peat is small compared with the typical measurement uncertainties for these dates (quoted in Table 1 as 1s uncertainties).
The conventional 14 C dates were calibrated into calendar years using the calibration curve IntCal13 (Reimer et al., 2013) and the computer program Oxcal (Bronk Ramsey, 1995 Ramsey, , 2001 . The calibrated age range and medians are shown in Table 1 in cal a BP.
Index point selection
To identify peat samples within a database that can be used as index points, we used two criteria: the authors' original interpretation of the samples and the position on the timedepth diagram. By drawing a line through the upper error limits of the lowest samples in the time-depth diagram, the samples in the zone above this line can be identified as too old or too high to be deemed index points. They have probably formed in a landscape position that is independent of sea level and therefore we interpreted them as 'controlled by local groundwater conditions' (Supporting Information S1). The samples that do not reflect the relative MSL at their locations are outlined in the section 'Indicative meaning of data points'. We interpreted the samples below the line as having the 'lowest local time-depth position' and thus forming potential index points. These lowest samples with their respective error margins provide an upper limit for relative MSL (Denys and Baeteman, 1995) . As we adopt the same methodology as relative MSL reconstructions for Belgium, Zeeland and the Western and Central Netherlands, it is possible to compare the relative position of MSL curves. (2018) Even if there is bias in the approach, it should be systematic across the sites being compared.
Data collection and evaluation
Study area
The study area comprises the Dutch Wadden Sea region, including bordering mainland and the southern fringe of the North Sea. It is part of a larger, mostly undisturbed intertidal ecosystem stretching from the Netherlands in the west via Germany into Denmark to the north-east. It comprises barrier islands, tidal basins and (diked) salt marshes and, except for the river Ems, has limited river influences (UNESCO, 2009; Bazelmans et al., 2012) . It is bordered on the mainland by reclaimed coastal wetlands. During Holocene sea-level rise, coastal wetlands developed in the Pleistocene valley systems due to an increase in (local) groundwater levels. Later, many of the fens were covered by salt marsh sediments or were eroded due to marine ingressions. Since the 11th century, most of the salt marshes have been diked (Vos, 2006 (Vos, , 2015 
Data sets
Our literature and archival searches yielded a dataset of 51 radiocarbon age determinations of the base of the basal peat. All samples are from the mainland of the two northern provinces of the Netherlands (Fryslân and Groningen) as well as from offshore locations ( Fig. 4) . Sampling sites further north in the North Sea (e.g. White Bank; Ludwig et al., 1981 and Dogger Bank; Shennan et al., 2000) were not used in the MSL reconstruction, as we consider them to have a different isostatic and tectonic subsidence history than the Wadden Sea region (Kiden et al., 2002; Vink et al., 2007) . Sampling sites further inland were also excluded because peat development here was assumed to be a function of the local water table and decoupled from sea level (e.g. Kiden, 1995) .
All samples used were basal peat samples, taken at the direct contact with the underlying Pleistocene substrate, and therefore immune to compaction problems. The data are listed in Table 1 and arranged in descending 14 C age. The data comprise different (un)published sources, which are described in more detail below. The full dataset, including details on the error calculations, is presented in the Supporting Information (S1).
Jelgersma (1961)
For a study on Holocene relative MSL changes, Jelgersma (1961) collected peat samples in the coastal area of the northern Netherlands from mechanically drilled boreholes and deep excavations. The locations were restricted to sites where the Pleistocene subsurface sloped towards the sea. Samples were selected on the basis of peat type: oligotrophic Sphagnum species, indicative of precipitation and independent of phreatic groundwater were discarded. The original data as published by Jelgersma (1961) were not corrected for the Suess and isotopic fractionation effects ( 13 C correction). In a later paper, Jelgersma (1966) corrected for the Suess effect in a time-depth diagram. In Table 1 , we show the corrected data (based on the 13 C corrected data as presented by Van de Plassche, 1982) . Error treatment is described in the next section. Griede (1978) Griede (1978) collected basal peat data to study the Holocene coastal evolution of the province of Fryslân. Undisturbed peat samples were retrieved by hand corings. Griede used 17 peat samples in total for radiocarbon dating, of which five were from the base of the basal peat. These data were used in this paper (Table 1) . As Griede (1978) is unclear about the levelling methods used, a larger vertical error margin was applied to the data.
De Jong (1984)
As part of surveys for the geological mapping of the Frisian Islands, De Jong (1984) published results of mechanical drillings in coastal dunes. De Jong (1984) and Van Staalduinen (1977) presented samples from peat resting on Holocene sandy marine or wind-blown dune deposits from the Frisian Islands in the Dutch Wadden Sea. Although these samples are strictly speaking not to be regarded as basal peat, they rest on nearly compaction-free sediments. Information on the coring method was limited, although it was noted that some samples were taken with hand-operated Van der Staay suction-corers (Van de Meene et al ., 1979) while in other cases continuous cores were recovered using mechanical drilling equipment. As the method of levelling is not documented, we adopted a relatively large vertical error on all samples from De Jong (1984) . Van der Spek (1994 , 1996 Two samples for radiocarbon dating were taken by Van der Spek (1996) from the same continuously cored borehole (2018) directly south of the Frisian island of Ameland. The peat was situated under Holocene intertidal deposits. The upper sample is from wood from the base of a compacted basal peat layer; the lower sample is a sandy soil with root traces developed in the uneroded Pleistocene subsurface.
De Groot et al . (1996) De Groot et al . (1996) collected sedimentological data, peat and humic sand samples to document RSL rise in the Frisian Islands over the last 2500 years. The samples rested on (nearly) compaction-free Holocene sandy marine or wind-blown dune deposits and were formed around the MHW level. All but one of the samples were taken from mechanically drilled boreholes, and one sample was taken from an excavation. All sites were levelled to local NAP (Dutch Ordnance Datum; approximately present MSL) benchmarks.
Woldring et al. (2005)
Woldring et al . (2005) used basal peat samples to establish the early Holocene landscape evolution of the province of Groningen. The levelling method of the sites is not well documented in the paper. We retrieved surface level altitudes from high-resolution LIDAR data (AHN2; Van der Zon, 2013) and the original sampling forms in the Groningen Isotope Laboratory. Therefore, we adopted a relatively large vertical error on all Woldring et al. (2005) samples.
Kiden and Vos (2012)
Four samples were collected in the second half of the 1990s for geological mapping of the coastal area of the northern Netherlands. The dating results were used in the preliminary data evaluation and relative MSL reconstruction of Kiden and Vos (2012) but have not been published in internal reports of the Geological Survey or elsewhere.
CIO archives and RGD reports
The archives of the CIO, where most of the radiocarbon analyses in the Netherlands have been carried out, were carefully searched and analysed for all possible suitable samples. The records were searched for basal peat resting directly on Pleistocene sediments. Samples without location or with missing or unclear vertical position information were discarded. When samples were found to have potential, a literature search was carried out to see if the samples were already published. This included both the international scientific literature as well as reports from the Rijks Geologische Dienst (RGD): Dutch Geological Survey. If already published, we refer to the first citation of the sample in Table 1 . In total, 14 previously unpublished basal peat samples were identified. Two were taken from a single offshore core from the North Sea. In some cases, the vertical position was reconstructed using the coordinates and high-resolution LIDAR data (AHN2; Van der Zon, 2013). We incorporated a large vertical error for these samples (see Supporting Information, Table S1 ).
Miscellaneous
Sample 34 was a basal peat sample taken from the Heveskesklooster megalithic tomb (Bakker, 1992; Cappers, 1993 Cappers, / 1994 , erected on coversands of periglacial origin and overgrown by peat during the Holocene. One additional sample (No. 19 ) was taken by the authors in 2013 at an excavation near Noordhorn, which was carefully levelled to a reliable LIDAR data benchmark position nearby.
Accuracy and error treatment Age errors
Standard deviations of the dated radiocarbon samples were provided by the laboratory and were used to determine age errors (e.g. Kiden, 1995; Berendsen et al., 2007) . A 2s cal a BP age range was used in this paper. In some cases, bulk peat samples may yield erroneous 14 C ages that are younger or older than the real age of the sample, due to introduction of younger or older carbon during or after peat formation (T€ ornqvist et al., 1992) . During peat growth, old organic matter may be incorporated in the peat in the form of infiltrated soil components or fragments of eroded and reworked older peat. After peat formation, younger organic matter may be admixed as a result of infiltration by humic acids, root penetration or bioturbation. We refer to Mook and Van de Plassche (1986) for a comprehensive overview of these and other factors which may contribute to incorrect 14 C ages of bulk peat samples.
In a comparative study between conventional bulk and AMS samples, Berendsen et al. (2007) found no significant systematic differences in basal peat samples from the western Netherlands.
We did not consider reservoir effects. These would have been caused by non-atmospheric carbon, which in this case means the presence of aquatic plants in the peat samples. There are no indications for that in our basal peat samples.
Altitude errors
Vertical uncertainties of radiocarbon peat samples can be attributed to several different processes (Berendsen et al., 2007; Hijma et al., 2015) . Firstly, different peat types develop at different local average water levels. Fen, reed and reed-sedge peat are assumed to form around 10 cm below the local water table (Berendsen et al., 2007; Van de Plassche et al., 2010) . Wood peat forms at AE10 cm around the local water table (Kiden, 1995; T€ ornqvist et al., 1998; Van de Plassche et al., 2005) . For most of the dated samples in this study we do not have detailed information on peat composition, so we adopted a 20-cm error margin to account for the different peat types as suggested by Berendsen et al. (2007) .
Secondly, compaction of sediments underlying basal peats can cause vertical displacement of samples (Hijma et al., 2015) . In our case, compaction of the Pleistocene base is negligible because of the relatively coarse clastic sediments (Jelgersma, 1961; Berendsen et al., 2007) . Moreover, we have only used samples of the base of the basal peat directly at the contact with the Pleistocene base. No samples from peat layers intercalated within the Holocene sedimentary sequence were used, except for the samples from De Jong (1984) and De Groot et al. (1996) , which are detailed in the section 'data sets'. Therefore, we assume that our samples are not affected by compaction and no error calculations were deemed necessary.
Thirdly, the sample thickness introduces certain errors. Often, the samples are a couple of centimetres thick, which means there is an age difference between top and bottom, but also some compaction within the sample ( (2018) 1986). We treated these effects as vertical errors and we followed the assumption by Berendsen et al. (2007) that errors related to sample depth are generally <2 cm. Where the sample thickness was not known, we assumed that the given depth represented the centre of the sample. In addition, we used a sample thickness of 4 cm in the error calculations. We did not include errors for core stretching/ shortening (Morton and White, 1997) or non-vertical drilling (T€ ornqvist et al., 2004) as we expected them to be negligible. Fourthly, elevation measurements include errors. In our case, the elevation of all sites was measured, which excludes possible vegetation zone errors (e.g. Goodbred et al., 1998) . If borehole altitudes were levelled relative to NAP benchmarks, errors should be smaller than 1 cm relative to NAP (Berendsen et al., 2007) . However, the method of levelling was not always recorded. In most cases, levelling to local benchmarks is assumed and we applied a vertical error of AE10 cm, corresponding with Engelhart (2010) and following the suggestion by Hijma et al. (2015) . When levelling to NAP benchmarks did not take place, or altitude information was retrieved from other sources (digital elevation model, topographic maps) by the original authors, we used an error margin of AE50 cm, corresponding with Hijma et al. (2015) . For offshore boreholes, a vertical tidal error has to be taken into account. Shennan (1986) suggests assigning an error of half a tidal range. Kiden et al. (2002) and Vink et al. (2007) , for example, assigned these samples an altitude accuracy of AE1.0 m, which we also adopt in this paper. This corresponds well with North Sea coast reference values showing a tidal range of 167 cm in the west of the study area (island of Texel; Fig. 3 ) to 218 cm (island of Schiermonnikoog) in the east (Rijkswaterstaat, 2011) . The error calculations are presented in Supporting Information ,  Table S1 .
The total vertical uncertainty or error e h (m) was calculated as (Shennan et al., 2006; Hijma et al., 2015) :
where: e law ¼ local average water level uncertainty (m); e comp ¼ compaction uncertainty (m); e d ¼ sample thickness uncertainty (m); and e NAP ¼ benchmark uncertainty (m). Although vertical uncertainty is not a statistically determined error, some authors (e.g. Hijma and Cohen, 2010) interpret e h as a 1s error, which we also adopt here. After vertical error and radiocarbon age determination, the radiocarbon age samples (Table 1) were plotted in a time-depth diagram including the horizontal 2s age range and the vertical error e h .
Sea-level reconstruction
We fit the data with an empirical hierarchical model (e.g. Kopp et al., 2016) to reconstruct the relative MSL for the Wadden Sea and to be able to distinguish between the Wadden Sea and western Netherlands regions. The model divides into a data level, a process level and a hyperparameter level. At the data level, index points are treated as noisy measurements of the underlying sea-level field, with vertical measurement and indicative range errors assumed to be uncorrelated and normally distributed, and geochronological errors approximated as uncorrelated and normally distributed. As in Kopp et al. (2016) , geochronological uncertainties are approximated using the Noisy Input Gaussian Process methodology of McHutchon and Rasmussen (2011) . At the process level, relative MSL f i (t) at each site i is modelled as the sum of two terms, each with Gaussian process priors (Rasmussen and Williams, 2006 ). The first term, g(t), represents a non-linear signal common to both sites, while the second term, m i (t), represents a slowly varying, region-specific non-linear signal:
The priors for each of the terms are characterized by hyperparameters, which capture a priori expectations about characteristics such as the variability of the term and the timescale of variation of the term. The priors for g(t) and m i (t) have once-differentiable, Mat ern-3/2 covariance functions. In an empirical model, the hyperparameters are optimized to maximize the likelihood of the model given the data. For g(t), the prior standard deviation is 29.9 m and the time scale is 13.2 kyr; for m i (t), the prior standard deviation is 0.8 m and the time scale is 0.6 kyr.
Conditioning the model upon the data yields a mean posterior estimate of relative MSL at each site over time, as well as an associated spatiotemporal covariance matrix. Linear transformation of the mean and of the covariance matrix yields an estimate of the inter-site differences and their associated uncertainties. As modelling input, we used the Hijma and Cohen (2010) and Berendsen et al. (2007) data for the western Netherlands in combination with the index points from the Wadden Sea as presented in this study.
Results
Sea-level index points
All 51 radiocarbon samples available for the Wadden Sea area were plotted in a time-depth diagram. The distribution of the samples shows a sharp lower boundary and an indistinct upper limit. Based on the criteria described in the methodology section, 26 samples were regarded as suitable index points for relative MSL reconstruction. Twenty-five samples were excluded (Fig. 5 ).
Relative mean sea-level reconstruction
The modelled relative MSL curve for the Wadden Sea is presented with a 2s error band in Fig. 6 . The curve shows a sharp rise from 8200 to 7500 cal a BP of 7.3 AE 0.6 m (1s) in this period, a rate of 10.4 AE 0.9 mm a À1 (1s). After this period the rate decreases to 3.5 AE 0.3 mm a À1 between 7500 and 6000 cal a BP. From 6000 to 4500 cal a BP, the relative MSL rises by 2.4 AE 0.8 m, an average rate of 1.6 AE 0.5 mm a À1 . From 4500 to 2500 cal a BP the total relative MSL rise was 1.6 AE 0.8 m, an average rate of 0.8 AE 0.4 mm a À1 . The vertical error band is relatively wide in this section due to a limited number of suitable data points. After 2500 cal a BP until the youngest sample at about 600 cal a BP, the sea level rise appears to be linear at 0.6 AE 0.3 mm a À1 , but the peat samples chosen here probably reflect a groundwater level slightly higher than MSL, which is discussed in more detail in the Regional differences section. (2018) configurations necessitate that the study area should not be too large (Kiden et al., 2002; Bungenstock and Weerts, 2010) and care should be taken in areas with diverse coastal settings (Baeteman et al., 2011) .
Interpretation
To avoid the effects of differential isostatic movements within the study area itself, Kiden et al. (2002) suggested a maximum size of ca. 50 by 50 km as a rule of thumb. In our study area, we could expect some differential movements due to the size of the area (150 km). As the study area is orientated west to east, it is situated at a 45å ngle relative to the direction of subsidence (SW-NE, see e.g. Kiden et al., 2002; Vink et al., 2007) , and thus it measures roughly 100 km in the direction of maximal subsidence.
The maximum extent of a study area also depends on the coastal configuration (Baeteman et al., 2011) . In the Wadden Sea region, tidal basins exhibit a very dynamic behaviour throughout the Holocene, as shown by Baeteman et al. (2011 ), Bazelmans et al. (2011 . The Wadden Sea area includes intertidal channels and shoals, but also barrier islands (Frisian Islands) separated by major tidal inlets and ebb-tidal deltas. The (undiked) tidal marshes on the mainland are also included (Oost, 1995; Oost et al., 2012) . The palaeo-geographical map series by Vos and De Vries (2015) (Fig. 7) show the varying size of the basin through time, but also indicate that from a geomorphological view it can be regarded as a single entity. Although the area is relatively large in respect to the size suggested by Kiden et al. (2002) , we hypothesize that, from a sea-level reconstruction point of view, it can be regarded to a first approximation as a single entity. To test the hypothesis, we have split the data into a western and an eastern dataset to check for differences in the relative MSL curves.
The Pleistocene subsurface includes four relatively small valleys/tidal basins (the Boorne, Hunze, Fivel and Ems-Dollard; Vos, 2015) . We placed the dividing line between the two subsets on the Pleistocene high between the Boorne and Hunze tidal basins (Fig. 8) , thereby separating the western Wadden Sea (i.e. Boorne tidal basin) from the eastern Wadden Sea (i.e. Hunze and Fivel tidal basin and Ems-Dollard estuary; Fig. 7) .
By plotting the samples in a time-depth diagram ( Fig. 9) , it transpires that the index points from both subsets are on a single curve. During the periods 6000-5000 cal a BP and 3000-1000 cal a BP the two curves coincide. The centroids of the index points may show some deviations older than 7700 cal a BP, but the error bars overlap to a great extent. Although for the periods 7700-5500 cal a BP and 5000-3000 cal a BP no index points of the western Wadden Sea are present in our dataset, we conclude that based on the currently available data there is no reason to differentiate the relative MSL histories of the eastern and western Dutch Wadden Sea. 
Regional differences
When comparing the Wadden Sea curve to curves from neighbouring areas (Fig. 10) , it is clear that the Wadden Sea curve has a considerably lower time-depth position than the curves for Belgium (Denys and Baeteman, 1995) and Zeeland (south-western Netherlands; Kiden, 1995; Vink et al., 2007) . The vertical difference ranges from 4 to 6 m lower around 8000 cal a BP decreasing to 2 m around 6000 cal a BP, and the Belgium and Zeeland error bands are outside of the error band of the Wadden Sea curve. Between 5000 and 4000 cal a BP the Zeeland centre line reaches the upper limit of the Wadden Sea upper 2s error band.
Compared to the western Netherlands curves (Hijma and Cohen, 2010; Van de Plassche et al., 2010) , between 8200 and 6400 cal a BP, the time-depth position of the Wadden Sea curve (Fig. 11a ) is significantly lower than the western Netherlands curve (probability p > 0.86; p > 0.95 for all time points before 7100 BP; Supporting Information S2). For the steepest section between 8200 and 7500 cal a BP, average relative MSL rise rates are 10.4 AE 0.9 mm a À1 (1s) for the Wadden Sea and 7.7 AE 0.5 mm a À1 for the western Netherlands. After 6400 cal a BP, the two curves are almost always indistinguishable within uncertainty (Fig. 11b) . The similarity between this younger part of the two curves agrees with the suggestion of Van de Plassche (1982) that there is no significant difference between the relative MSL curve of the western Netherlands and the Wadden Sea for this period. The average relative MSL rise rate of 1.6 AE 0.5 mm a À1 shown in the Wadden Sea curve is not significantly different from the rise of around 1.7 AE 0.2 mm a À1 for the western Netherlands curve in the period 6000-4500 cal a BP. The steady rise in RSL of 0.78 AE 0.4 mm a À1 between 4500 cal a BP and 2500 cal a BP also appears comparable to the 0.6 AE 1.3 mm a À1 rise for the western Netherlands.
In comparison to the Central Netherlands (Van de Plassche et al., 2005) , our Wadden Sea reconstruction is slightly higher. The Central Netherlands curve is within the 2s error band for most of its trajectory, however.
For the period 1750-1000 cal a BP, the Wadden Sea curve centre line fluctuates around the upper MHW limit of the curve for the Frisian Islands constructed by De Groot et al. (1996) (Fig. 10) . Although the latter was based on sedimentary structures, and peat samples were used for uncertainty analysis, the relative MSL rise rate is similar to our Wadden Sea curve (1.0 AE 0.3 mm a À1 for the period 2500-1000 cal a BP). It needs to be noted, however, that the peat samples chosen for our Wadden Sea curve here probably reflect a groundwater level slightly higher than mean sea level. This may be explained by the barrier island raised groundwater effect or Ghijben-Herzberg principle, which is based on the density differences between salt and fresh water Figure 6 . Relative MSL reconstruction for the Wadden Sea region. The barrier island raised groundwater effect is discussed in the Regional differences section. (Drabbe and Badon Ghijben, 1889; Herzberg, 1901) . The fresh groundwater table is elevated above sea level in coastal dunes and on barrier islands such as those in the Wadden Sea (Grootjans et al., 1996; R€ oper et al., 2012) .
The elevation of the groundwater table depends on the depth and extent of the freshwater lens on the island. In the Frisian Islands, raised groundwater levels of over 2 m above relative MSL have been measured on Spiekeroog in Germany (Tronicke et al., 1999) and 3.5 m above relative MSL on the Dutch island of Schiermonnikoog (Grootjans et al., 1996) . This means that on Wadden islands, peat samples indicate higher groundwater levels, which would imply that such peat samples need to be considered as upper limit indicators. Therefore, the younger section of the relative MSL curve should probably be lower than our Wadden Sea reconstruction, which is indicatively shown by the red arrows in Figs 6, 10, 11a and 12.
GIA-induced crustal movements
As discussed above, the new relative MSL reconstruction for the northern Netherlands is below the curves for Belgium Figure 7 . Palaeogeographical maps of the Wadden Sea area (Vos and De Vries, 2015) . (2018) and the south-western Netherlands, in accordance with the hypothesis of increasing isostatic subsidence towards the north. Here we further compare our Wadden Sea curve with relative MSL predictions from existing geodynamic earth models. Vink et al. (2007) present relative MSL predictions for several sites in the southern North Sea, based on a regional best-fit geodynamic earth model that incorporates glacio-and hydro-isostatic vertical crustal movements. Relevant here are their predictions for Den Helder and Winschoten in the extreme west and east of our Wadden Sea study area, respectively (Fig. 3) . Crustal movements in the Netherlands also contain a tectonic component, but in the early and middle Holocene in particular it is considerably smaller than the glacio-hydro-isostatic component (Kiden et al., 2002 (Kiden et al., , 2008 . We will therefore focus here on the GIA-induced crustal movements as predicted by the geodynamic earth models. Figure 12 shows the western Netherlands and Wadden Sea area relative MSL predictions from Vink et al. (2007) together with the relative MSL curve for the western Netherlands (Hijma and Cohen, 2010) and the Wadden Sea error band presented here. The Wadden Sea error band is always above the Wadden Sea GIA model predictions, but its oldest part around 8000 cal a BP is only 1-2 m higher. This reasonably good correspondence between observations and model results at this early date subsequently deteriorates: at 7500 cal a BP, the Wadden Sea error band is 2.5-3.7 m higher than the RSL predictions for Den Helder and Winschoten, respectively. At around 6500 cal a BP, there is a conspicuous high 'shoulder' in the predicted relative MSL curves for both the Wadden Sea area and the western Netherlands, temporally reducing the difference between the observations and the predictions for Den Helder to a minimum of around 0.4 m. It is striking, however, that at this date the relative MSL predictions for the western Netherlands plot about 1.5 m higher than the well-established relative MSL curve of that region based on actual data [see also review of the relative MSL error band of Van de Plassche and Roep (1989) in Kiden et al. (2002) ]. This casts some doubt on the reliability of the model for the western Netherlands and possibly also for the Wadden Sea area around 6500 cal a BP. After 6000 cal BP, the Wadden Sea curve is again substantially higher than both relative MSL predictions for the Wadden Sea region, with the difference decreasing slightly from 1.2-1.8 m at 6000 cal a BP to 1.1-1.4 m at 3000 cal a BP.
Discussion, conclusions and recommendations
There are enough data to reliably reconstruct a curve representing the upper limit of relative MSL rise for the Wadden Sea area for the period from 8200 to 2500 cal a BP. The number of suitable index points has now been expanded to a total of 51 dates from the base of the basal peat, of which 26 are argued to be suitable proxies for relative MSL.
With respect to regional differences in relative MSL for the period before 6400 cal a BP, we confirm that the Wadden Sea curve is situated below the MSL reconstructions for Belgium (Denys and Baeteman, 1995) , Zeeland (Kiden, 1995) and the western Netherlands (Hijma and Cohen, 2010; Van de Plassche et al., 2010) . The oldest/deepest part of the curve is also in reasonable agreement with glacio-isostatic modelling results, supporting the hypothesis that the Wadden Sea is closer to the zone of maximal postglacial subsidence. For the period after 6400 cal a BP, however, the Wadden Sea curve shows no significant difference with the Hijma and Cohen (2010) and Van de Plassche et al. (2005 relative MSL reconstructions for the western and central Netherlands. It also is higher than relative MSL predictions from GIA models. This apparently supports the idea of Van de Plassche (1982) that these younger parts of the western and northern Netherlands relative MSL histories are the same. However, the presently available data set of basal peat dates provides information on local groundwater levels which in the best case are at or very close to relative MSL but may be higher than relative MSL as well. Therefore, the actual sea-level curve for the Wadden Sea area could be below the reconstruction presented here and thus also below relative MSL in the western Netherlands. This can only be confirmed when more data become available with a density that is comparable to the western Netherlands. The current data set available to us for the period 6400-2500 cal a BP cannot (yet) be used to conclusively confirm or reject the hypothesis that the relative MSL histories of the northern and western Netherlands are similar.
Assuming that the data are representative of the true course of Holocene sea-level in the region would imply that the GIA model predictions are only 1-2 m lower than the relative MSL reconstruction at ca. 8000 cal a BP while at about 7500 cal a BP they underestimate sea-level by 2.5 to almost 4 m. Although around 6500 cal a BP the difference between the model predictions and the Wadden Sea curve is somewhat less, the discrepancy increases again to 1.5 m around 6000 cal a BP and then decreases slowly towards the present. If real, the significance of this observation in terms of postglacial peripheral bulge collapse is as yet unclear but warrants further study from both sea-level data quality/reliability and GIA-modelling points of view.
The currently presented Wadden Sea reconstruction may be somewhat too high from 2500 to 1000 cal a BP, as peat growth on barrier islands may be influenced by fresh groundwater being pushed up by deeper salt water, typical for Frisian Islands. In addition, for the most recent period (2000-500 cal a BP), we have used basal peats lying on sandy Holocene marine deposits. Although they appear to be relatively stable based on the core descriptions, we cannot fully assess possible compaction problems.
Changes in palaeotidal range could have affected the shape of the North Sea sea-level curve. For example, tides in the North Atlantic Ocean were amplified around 9000 cal a BP, due to opening of the Hudson Strait (Hill et al., 2011) . In the North Sea region, the amplification was completed by 7000 cal a BP when the North Sea and Southern Bight became fully connected (Van der Molen and de Swart, 2001; Uehara et al., 2006; Hijma and Cohen, 2010 ). Correcting regional sea-level reconstructions for these changes in palaeotidal range remains an area for further study.
Despite the limitations and caveats mentioned above, the Holocene relative MSL reconstruction for the northern Netherlands presented here should be considered a reliable first assessment of the best data currently available, to be expanded and improved upon by new data acquired explicitly for sea-level reconstruction. For a more definitive answer to the question of whether the relative MSL curve for the northern Netherlands is similar to, or different from, that of the western Netherlands, or whether the GIA models are in error and to what extent, we recommend a more detailed regional field campaign. Reliable basal peat samples would preferably come from areas with a steep non-eroded Pleistocene subsurface, minimizing the effect of local groundwater levels on basal peat growth.
There is scope to improve data coverage for the late Holocene. It would be useful to combine sedimentological data from below dune-lees and man-made terps and use archaeological evidence for age control and as indicator of inundation frequencies. Sea level research like that of De Groot et al. (1996) on the Wadden islands during the last 2000 years and that of Nieuwhof and Vos (2018) using MHW index points from beneath man-made terps show promising results to bridge the gap between instrumental records (e.g. tide gauges) and palaeo-observation-based reconstructions (Vermeersen et al., accepted) .
Our reconstruction might be improved further by incorporating types of dates other than from basal peats. Such improvements may include the use of salt marsh microfossil analyses, especially diatoms and testate amoebae (Barlow et al., 2013) , as foraminifera are very rare in Dutch coastal deposits. Although the salt marshes of the mainland have been diked since around 1100 ad, the salt marsh deposits on the back-barrier side of the islands are still open to marine influences and may cover the last 700 years, which also creates the possibility to improve the more recent part of the RSL reconstruction.
Misfits between GIA models and data will always remain because GIA modelling cannot provide unique solutions around the globe. Earth parameters rely on thickness and type of lithosphere and will differ from region to region. (2018) Nonetheless, by refining GIA models and by improving data quality and coverage, improvements can be made in the reconstruction of past ice-sheet changes and determination of Earth rheological properties (Whitehouse, 2018) .
New data, such as those provided in this study, will go some way to better understand global GIA processes as a component of current and future ice-sheet and sea-level change. 
